Theoretical considerations predict that amplification of expressed gene transcripts by reverse transcription-PCR using arbitrarily chosen primers will result in the preferential amplification of the central portion of the transcript. Systematic, high-throughput sequencing of such products would result in an expressed sequence tag (EST) database consisting of central, generally coding regions of expressed genes. Such a database would add significant value to existing public EST databases, which consist mostly of sequences derived from the extremities of cDNAs, and facilitate the construction of contigs of transcript sequences. We tested our predictions, creating a database of 10,000 sequences from human breast tumors. The data confirmed the central distribution of the sequences, the significant normalization of the sequence population, the frequent extension of contigs composed of existing human ESTs, and the identification of a series of potentially important homologues of known genes. This approach should make a significant contribution to the early identification of important human genes, the deciphering of the draft human genome sequence currently being compiled, and the shotgun sequencing of the human transcriptome.
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T he identification and sequencing of human expressed sequences (cDNAs) plays a synergistic role to complete genome determination and represents a direct link to functional genomics (1) (2) (3) (4) (5) . In particular, cDNAs greatly aid exon identification and are essential for determination of tissue and pathology-specific exon usage in the form of alternatively spliced variants (6) (7) (8) . Furthermore, repeated partial sequencing of expressed sequences, so-called expressed sequence tags (ESTs), have proved a powerful means of identification of genetic polymorphisms (9) (10) (11) and for determination of differential gene expression (12) (13) (14) (15) (16) (17) (18) . To date, more than 1,500,000 human ESTs have been generated and deposited in GenBank, derived principally from the Merck Gene Index Project and the Cancer Genome Anatomy project (refs. 19 and 20 ; http:͞͞www.ncbi. nlm.nih.gov͞dbEST). Clustering of these sequences shows that at least some have been derived from an estimated 86,000 different human genes but only approximately 11% of these have a full-length sequence (UniGene build 98, November 3, 1999, http:͞͞www.ncbi.nlm.nih.gov͞UniGene͞index.html). Moreover, approximately 65% of ESTs represent the 3Ј extremity of cDNAs and 26% represent the 5Ј extremity of cDNAs, resulting in a very biased representation of expressed gene sequences (see Fig. 2 ). In consequence, a current limitation in analyzing human genes is the relative lack of sequences derived from the central portions of transcripts. We have found, however, that such sequences can be generated systematically and efficiently in a high-throughput format, potentially permitting the rapid, shotgun sequencing of the human transcriptome.
The basis of the approach we have taken is to generate short cDNA templates of less than twice the length of an average sequencing read by reverse transcription-PCR using arbitrarily selected, nondegenerate primers (either singly or in pairs) under low-stringency conditions as we have described previously (21) . It is not possible to predict (in the absence of complete transcript sequence information) with which transcripts an arbitrary primer will bind or the position of primer binding within any given transcript. The position of amplified fragments within transcripts is, in contrast, highly ordered and predictable, with a high percentage of fragments encompassing the midportions of genes. To demonstrate this, we have generated more than 10,000 sequences (which we refer to as ORF ESTs or ORESTES) from PCR fragments derived from the central, coding regions of human breast tumor transcripts by using the protocol described.
Materials and Methods
Template Preparation and DNA Sequencing. Tissue samples obtained from excised breast tumors, after explicit informed consent of patients, from the Hospital do Câncer A.C. Camargo, São Paulo, were frozen in liquid nitrogen immediately after resection. They then were allowed to partially thaw to Ϫ20°C and microdissected to enrich for tumor cells in the sample. Total RNA was extracted with Trizol, and RNA degradation was evaluated by means of a Northern Blot by using a GAPDH cDNA probe. Those samples with intact mRNA were treated with DNaseI (10 units͞50 g of total RNA), and the absence of contaminating genomic DNA was confirmed by PCR using primers for the mitochondrial D loop and for the p53 gene. The amplified product was blotted onto nylon membranes and hybridized with [␣-32 P]dCTP-labeled probes for the corresponding amplified sequences. Qualified samples, with no detectable DNA, then were processed for isolation of poly(A) ϩ RNA (MiniMacs; Miltenyi Biotec, Auburn, CA). To produce cDNA templates, samples of 10-100 ng of the purified mRNA were heated at 65°C for 5 min and then subjected to reverse transcription at 37°C for 60 min in the presence of 200 units of mouse murine leukemia virus reverse transcriptase and 15 pmol of a randomly selected primer in a final volume of 20 l. The criteria for primer selection were GC content of more than 50% and length of 18-25 nt. No specific sequence constraints were imposed. Indeed, almost exclusively, the primers used originally had been designed for specific PCR amplification of DNA sequences in nonhuman genomes and were exploited here if they obeyed the simple criteria listed above. After cDNA synthesis, one microliter of a 1:5 dilution of the single-stranded cDNA then was amplified by PCR by using the same or a single, alternative primer. Amplification profiles were generated by using the following cycling parameters: an initial cycle of 95°C for 5 min, 37°C for 2 min, and 72°C for 2 min followed by 35 cycles of 95°C for 45 sec, 45°C for 1 min, and 72°C for 90 sec. Three microliters of each pool was checked for complexity on 8% silver-stained polyacrylamide gels. Product pools with a single, predominant product (Ϸ1%) reflecting the amplification of a highly abundant gene were not processed further. The remaining amplification pools with multiple bands then were cloned into pUC18 by using the Sureclone kit (Amersham Pharmacia). Minipreps for sequencing the inserts were prepared by alkali lysis or boiling preparations and sequenced by using the Perkin-Elmer Big-Dye reagent kit with ABI377 sequencers. In general, 50-200 sequences were determined from each amplification profile.
Computational Analysis. Simulation of the amplification process was undertaken by searching for matches (60% identity including the 3Ј nucleotide) between five totally random 20 mer sequences and the sequence of all full-length cDNAs currently 
Fig. 2.
A comparison of the actual percentage of ORESTES and 5Ј and 3Ј ESTs that pass through the relative position of full-length cDNA sequences. The figure was constructed by using all human full-length cDNAs of more than 1 kb currently in GenBank, the ORESTES corresponding to these cDNAs, as well as the 3Ј and 5Ј ESTs available in GenBank corresponding to these genes. With cDNAs of less than 1 kb, the 3Ј, 5Ј, and ORESTES reads are highly superimposed, making their relative contributions difficult to distinguish. Small cDNAs thus were not included in the figure. HTG, high-throughput genome database; GSS, genome sequence survey database. ND, not determined. The total number of reads analyzed was 10,120. *Sequences that are composed entirely or almost entirely of repetitive elements.
in GenBank. In all cases in which a match was found, a reverse, complementary match within the same cDNA was sought. In all cases in which two complementary matches were found (taken as indicating a successful PCR amplification), the relative position of the amplicon within the cDNA was noted and used in the compilation of curves showing the percentage of amplicons passing through each percentage point of the genes analyzed. When the effect of amplicon size was analyzed, the whole set of amplicons was searched first for those of the size range desired that then were used to construct the curves against a representative transcript of unit length. An automated protocol for the analysis of the experimentally generated data was used to: (i) assess sequence quality, (ii) trim vector and primer sequence, (iii) remove undesirable sequences such as bacterial, mitochondrial, and rRNA sequences, (iv) mask repetitive elements, and (v) undertake serial BLAST searches against existing databases. Sequence quality was determined by counting the number of ''N'' nucleotides generated by the ABI base caller. We excluded sequences whose level of ''N'' nucleotides was higher than 20%. We also trimmed sequences by analyzing a window of 30 nt. Windows with more than six ''Ns'' were deleted. Mitochondrial and rRNA sequences were identified by FASTA searches against the GenBank entry corresponding to the human mitochondria complete genome sequence and against a locally developed human rRNA database, respectively. Masking of repetitive elements was performed by using REPEAT-MASKER under default parameters. Searches against existing databases were performed with BLAST (22) by using default parameters. Significant hits were determined by using an E value of 10 Ϫ5 for searches against protein databases and an E value of 10 Ϫ15 for searches against DNA databases.
Results and Discussion
The amplification of any given point within a transcript, by reverse transcription-PCR, requires primer binding on both sides of that point. The chance of each of these events occurring will be proportional to the lengths of the sequences on both sides of the point. Thus, if the size of a transcript is taken as 1 and the distance from the 3Ј end of the cDNA to the point in question is taken as S, then the probability of each appropriate primer template interaction will be S and 1 Ϫ S, respectively. In consequence, the probability of amplification will be S(1 Ϫ S). The chance of any fragment containing the midpoint of the gene will be 0.5 ϫ 0.5 ϭ 0.25, whereas that of any fragment containing a point 1͞10th of the way along the gene will be 0.1 ϫ 0.9 ϭ 0.09, etc. Plotting the values of this expression for multiple points along a transcript of unit length results in a symmetrical curve around the midpoint of the transcript (Fig. 1) . This simple concept does not take into account the actual proportion of primer template interactions that yield products or the influence of amplicon length to the coverage of the transcript. We therefore explored the concept by undertaking a series of simulations of PCR under low-stringency conditions using the known sequence of all available, full-length human cDNAs in GenBank. The plots generated confirmed the predicted symmetry around the midpoint of the transcripts and revealed, as would be expected, a higher percentage of amplicons passing through the midpoint of the transcript as amplicon size is increased (Fig. 1) .
On the basis of the theoretical considerations and simulated amplifications, we generated a set of 10,122 ORESTES from human breast tumor mRNA, of which 1,207 were derived from either mitochondrial transcripts or rRNA, 135 were derived from bacterial contaminants, whereas 855 consisted entirely or almost entirely of repetitive elements precluding their further useful analysis (Table 1) . Of the remaining 8,058 sequences, 6,501 were unique. These were divided among sequences that exhibited similarity with known, full-length cDNA sequences, those with similarity to human ESTs, and those without significant similarity to previously identified human transcripts.
We used the nonredundant compilation of those sequences that matched reportedly full-length cDNA sequences to investigate the distribution of ORESTES within transcripts. The percentage of sequences passing through different points along the transcripts followed very closely the predicted distribution with an almost symmetrical curve around the midpoint of the transcripts (Fig. 1) . In accord with their centralized distribution, 71% of ORESTES that matched full-length cDNAs were wholly or partially composed of known ORFs as judged by BLAST against the nonredundant protein database. To investigate whether the ORESTES strategy was likely to add a significant percentage of new sequences to the public databases, we also compared their distribution with those of 5Ј and 3Ј ESTs against the same full-length genes for which ORESTES sequences were generated (Fig. 2) . The data show a clear complementarity of the ORESTES data with that already deposited in GenBank that should permit the rapid construction of contigs covering full-length cDNAs. In the generation of this figure, only complete cDNAs of more than 1 kb were used (excluding some 30% of complete gene sequences) because in very short sequences all the EST data essentially are superimposed, making their relative contributions hard to distinguish. Thus, the ORESTES curve is slightly lower in Fig. 2 , as would be predicted from the effect of the relative sizes of the amplicon and transcript.
To examine whether the strategy adopted permits sequence analysis of less abundant gene transcripts, as we would expect based on our previous work (21), we listed the UniGene cluster size of the nonredundant compilation of ORESTES that matched fully sequenced human genes. By way of comparison, similar data were generated from nonnormalized and normalized human breast cDNA libraries (Fig. 3) . We used only contigs containing full-length cDNAs for the analysis to avoid the strong bias that otherwise would have occurred toward the relative lack of ORESTES matches against small UniGene clusters that contain almost exclusively 3Ј reads. The mean cluster size containing ESTs derived from the nonnormalized breast library was 649, the mean cluster size containing ESTs derived from the normalized breast library was 351, and the mean size of clusters against which ORESTES exhibited significant sequence similarity was 318. The median values for the cluster sizes were 317, 138, and 125, respectively. A rigorous comparative analysis of the ORESTES and standard ESTs cannot be pursued because different tissue samples were used. Nevertheless, ORESTES appears to exhibit a performance similar to normalized libraries in terms of accessing genes with lower levels of expression. This is indicated further by the percentage of ORESTES (25.26%) and standard ESTs (10.23% and 18.06% for the nonnormalized and normalized breast libraries, respectively) that exhibited sequence similarity to UniGene clusters of 50 or less entries. The basis of this partial equalization of the frequency of sequences is that the chance of the amplification of a particular transcript is dependent on its sequence and not abundance. Because the percentage of very highly abundant transcripts is very small (23), most amplifications do not result in products derived from very highly expressed genes. This immediately increases the relative abundance of the products derived from the less abundant transcripts in the cell. (Note that in those amplification profiles in which a highly abundant transcript has been amplified this is immediately apparent upon electrophoretic analysis, and the profile is elimi- nated from further processing.) In addition to this selection, there is also a significant tendency to equalize the relative abundance of amplicons in individual product pools because of the Cot effect of PCR (24) . The evaluation of the ORESTES strategy provided a considerable amount of new sequence information. Thirty-eight percent of the nonredundant compilation of ORESTES did not exhibit significant similarity with expressed human sequences ( Table 1) . A small fraction of these exhibits significant similarity against full or partial cDNA sequences from other organisms (Tables 1 and 2 ) or low levels of similarity against known human transcripts, indicating that they probably derive from orthologous or paralogous genes, respectively (Table 2) . A total of 32% of the nonredundant compilation, however, showed no similarity to known expressed genes from any organism. We would expect these sequences to include those of marginal quality, undetected bacterial sequences, sequences derived from immature mRNA, or, possibly, sequences derived from undetected trace amounts of contaminating DNA. Nevertheless, 40% of those ORESTES that exhibited no database matches were predicted to contain ORFs by using ESTSCAN (25) or GRAIL (26) , and a number of these exhibited a significant match against a variety of domain profiles (Table 3) . By way of comparison, 68% of ORESTES that exhibited similarity to known genes were identified as containing coding regions by ESTSCAN. Thus, we can predict that the majority of ORESTES with no matches contain high-quality data derived from expressed human genes.
The potential of ORESTES to act as the basis of a shotgun approach to the sequencing of human transcripts was demonstrated by the 21% of sequences that partially or wholly matched preexisting human ESTs, from which we were able to construct 783 contigs, each one corresponding to a different UniGene cluster. Of the total number of bases contained in these contigs, 19% represented new sequence contributed by ORESTES. The contigs assembled to date mostly comprise extensions of the sequences contained in 3Ј or 5Ј ESTs but also a few instances in which the reads from the ends of cDNAs are joined by an ORESTES sequence or, indeed, different clusters are joined.
Knowledge of the complete sequence of the noncoding regions of the human genome will provide the basis of the definition of many facets of gene structure and expression. Nevertheless, it is the coding regions contained within the genome that represent the information of most crucial and immediate importance. These regions probably constitute only about 3% of the human genome. Although 5Ј ESTs often fall within coding regions and have been pursued vigorously with this characteristic in mind, ORESTES offer the possibility of significantly extending the coverage of coding regions with ESTs. Using the different complementary EST approaches now available, it eventually may even be possible to contemplate the generation of a shotgun sequence of the human transcriptome. We currently are embarking on the production of approximately 500,000 human ORESTES that will be deposited in the public databases as they are generated. Given the simplicity of the methodology, the small amounts of starting material required, and the speed of data generation, the simultaneous adoption of this approach in diverse laboratories could lead rapidly to the determination of the majority of the human transcriptome.
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